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Local singlet for CuO and Nd, Cu04
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Photoemission 3d spectra according to the Anderson impurity model and experiment are com-
pared for CuO and Nd2Cu04. While good agreement between theory and experiment is obtained
for CuO, the calculated local singlet has much more weight than observed for Nd2Cu04. This
suggests an appreciable difference between the low-energy excitations in CuO and Nd2Cu04,
which is surprising due to the similarities of the compounds, both having formally divalent Cu
coordinated to four oxygen atoms in an approximate square. This difference is not predicted
by the impurity Anderson model.

It is often assumed that essential aspects of the elec-
tronic structure of high-T, superconductors can be de-
scribed by models which include the Cu 3d and 0 2p or-
bitals in the CuO planes. This leads to a picture where
the low-lying excitations are described in terms of a so-
called local singlet, ~ consisting of a 3d hole coupling to
an 0 2p hole on the surrounding four 0 atoms form-

ing a state with A~ symmetry wI.th respect to the Cu
site. This local singlet is expected to be seen in, for in-

stance, photoemission electron spectroscopy (PES). This
has been studied theoretically using the Anderson im-

purity model, and in extended Hubbard models.
AB these calculations show a sizable peak of local sin-

glet character at low binding energy. Experimentally,
however, very little weight or no weight at all is seen at
the corresponding energies for the high-T;related com-
pounds. In this context it is interesting to study CuO,
which like the undoped High-7;related compounds, has
formally divalent Cu coordinated to four 0 atoms in an
approximately quadratic arrangement. We note, how-

ever, that CuO and NdqCu04 are quite different in terms
of the long-range geometry of the Cu and 0 atoms, as
discussed at the end of this paper. The aim of this pa-
per is to compare theoretical and experimental results for
CuO and the high-T;related compound Nd2Cu04.

PES spectra of CuO have earlier been studied experi-
mentally by Thuler, Berbow, and Hurych, Ghijsen and
co-workers, s 9 and Shen et al ,

M and t.heoretically by Es-
kes, Tjeng, and Sawatzky and Ghijsen et a!.,s who used
a cluster model. Here we use the Anderson impurity
model, which includes one Cu impurity interacting with
a surrounding host:
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where c~ are the energies of the 3d electrons on the im-

purity site, with the orbital label rn and the spin cr. The
other valence electrons are described by zk, and the hop-
ping between these states is given by V . The Coulomb
interaction between the 3d electrons is given by the last
term, where i stands for (mo). This term includes mul-

tiplet effects for the ds configuration. The parameters
are obtained as described earlier, i.e., all parameters
are obtained from ab initio calculations, except the ones
describing the multiplet splittings, which are obtained
from atomic data. ~s The oxygen-oxygen hopping as well
as hopping to Nd (for Nd2Cu04) is included in the values
of cg and Vj . The method for calculating the spec-
tra is in the spirit of earlier work for Ce, ~ but includes
multiplet eKects. The method has been described briefly
elsewhere. 4 Only the emission from the Cu Sd level is con-
sidered. The ground state is assumed to have z —y sym-
metry relative to the Cu atom. As in previous work,
the calculation neglects all configurations including con-
duction electrons, since these are higher in energy due to
the band gap. The accuracy of this approximation has
not been tested.

The results for CuO are shown in Fig. I, and com-
pared with the high-resolution x-ray photoemission spec-
troscopy (XPS) data by Shen et al. ~ The main band at
about —5 eV to —1 eV, corresponds to states of mainly
dgL ~ character, where L ~ stands for a ligand (0 2p)
hole. This peak is in rather good agreement with the ex-
perimental results. The satellites at —10, —12, and —17
eV correspond to states of mainly d8 character, which
are split by multiplet effects. They appear at some-
what larger binding energies than is seen experimentally.
This could be due to a somewhat too large value for the
Coulomb interaction V between two 3d electrons, which
was actually calculated for La2Cuo@. The theoretical
peak at about 0.3 eV corresponds to the local singlet.
This peak results from the interaction of the d I states
with d and d I states via the hopping matrix ele-
ments, which causes a bound state to be split off from
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FIG. 1. Theoretical and experimental PES spectra for
CuO. A Gaussian broadening of 0.25 eV (full width at half
maximum) was used to simulate the experimental broaden-

ing. Energies are in eV. The experimental results are from
Shen et al. (Ref. 10).
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the main band. Experimentally, a shoulder is seen at the
same energy as the theoretical local singlet, although the
experimental structure is much broader than the calcu-
lated one. This may be due to our use of an impurity
model in the theoretical description. For a lattice model,
one may expect broadening effects due to the interaction
between the Cu atoms. Although we cannot prove that
the experimental feature is of local singlet character, the
similarity to the theoretical results in terms of weight and
energy suggests that this is the case.

In Fig. 2 we compare theoretical results for CuO and
NdqCu04. The shape of the main band differs some-
what due to differences in the hopping matrix elements.

The local singlet peak is furthermore slightly weaker for
N12Cu04. The reason is that the hopping matrix ele-
ments are somewhat smaller for Nd2CuOq. Thus we find
that the sum of ~V ~2 over the occupied states is about
15 % larger for CuO than for Nd2Cu04. This leads to
less weight in the splitoff states, which is due to hopping.
However, the two spectra are quite similar according to
the Anderson impurity model, in agreement with com-
mon expectations. Figure 2 also shows a calculation for
Nd2Cu04, where ~V

~

has been reduced by a factor
0.6 relative to the calculated value. Even in this case the
local singlet has appreciable weight, showing that the cal-
culated hopping matrix elements are substantially larger
than is needed in order to obtain a splitoff local singlet
state.

In Fig. 2 we finally compare with experimental4 results
for Nd~Cu04. Most of the features of the spectra agree
rather well. There is, however, a large discrepancy at low

binding energies, where theory shows a substantial peak
due to the local singlet, while the experiment only shows
a very weak structure. This is characteristic for many
other high-T, -related compounds, for which very little or
no weight has been observed at the energy where the local

FIG. 2. Comparison of theoretical results for CuO (top)
and Nd2Cu04 (second from top). We also show results for
Nd&Cu04 when ~Vq

~
has been reduced by a factor 0.6 (third

from top). The two bottom curves show experimental results
for Nd2Cu04 taken at two photon energies. The experimental
results are from Ref. 4. Energies are in eV.

singlet is expected. The local singlet could be located at
slightly higher binding energies, where it would be hard
to see experimentally. This could happen if the highest
valence state has little or no coupling to the Cu z —y
state. The 0 2p emission (neglected in the calculations)
should be larger for Nd~Cu04 and may make the local
singlet appear smaller for Nd2Cu04. We also recall that
the ground state has been assumed to have z —y sym-
metry, and that configurations with conduction electrons
have been neglected.

It should be noted that the Anderson model is a rather
simple model, and that the ab initio calculation of the
parameters of the model involves uncertainties which are
not precisely known. The discrepancy between theory
and experiment for NdqCu04 alone may therefore not
seem entirely surprising. It is, however, not very easy to
point at a deficiency in the theoretical approach, which
is serious for Nd2Cu04, but of little importance for CuO.
The difference between CuO and Nd2Cu04 may provide
clues to the electronic structure of high-T, -related com-

p oullds.
One difference between CuO and Nd2Cu04 is the

long-range geometry. In both cases each Cu atom is
surrounded by four 0 atoms, forming an approximate
square. The geometry is different, however, in terms of
the more distant neighbors. In Nd~Cu04 there are Cu-
0-Cu neighbors forming angles of 180~. This means that
the Cu atoms can couple relatively efEciently via the 0
2p orbitals, since both atoms couple strongly to the same

2p orbital. In Cu0, on the other hand, this angle is



42 LOCAL SINGLET FOR CuO AND NdzCu04 8709

smaller (between 96' and 146'), and the coupling is less

efficient. This is illustrated by estimates of the exchange
coupling between the Cu spins, which are about a factor
of 2 smaller for CuO (Ref. 16) than for La2Cu04 (Ref.
17), which has a similar structure to Nd2Cu04. This sug-

gests that the neglect of Cu-Cu (indirect) interactions in

the Anderson impurity model is a better approximation
for CuO than for Nd2Cu04. One may therefore expect
that dispersion and other broadening eKects are more im-

portant for NdsCu04, so that the local singlet may be
more broadened and harder to see experimentally. How-

ever, it seems questionable if this could fully explain the
large difference between CuO and NdsCu04. Also speak-
ing against this explanation is that a local singlet-related
peak in the PES spectrum has been obtained for lat-
tice modelss s of La2Cu04. One may therefore ask if
some interactions or some states not included in these
(Anderson-like) models are important for the low-lying
excitations in NdsCu04 but not in CuO.

VVe have compared theoretical and experimental 3d

photoemission spectra for CuO and Nd2Cu04. The 3d
spectra of these compounds are expected to be similar be-
cause of the presence of formally divalent t u coordinated
to four 0 atoms. We find satisfactory agreement between
theory and experiment, except at small binding energies
for Nd2Cu04. For CuO theory gives a peak due to the lo-

cal singlet which agrees rather well with an experimental
peak in terms of weight and energy. For NdqCu04, on the
other hand, the local singlet has much more weight than
the experimental structures. This suggests that there are
important differences between the low-energy excitations
for CuO and (undoped) Nd2Cu04, which cannot be ex-

plained by the Anderson (impurity) model.
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